INTRODUCTION
Protein glycation is a non-enzymatic post-translational modification where arginine and lysine side-chain amino groups are irreversibly modified by carbonyl compounds, forming AGEs (advanced glycation end-products) [1, 2] . Increased protein glycation is associated with several human pathologies such as diabetes mellitus and related clinical complications (retinopathy, nephropathy and diabetic vascular diseases) [3] , uraemia [4] , atherosclerosis [5] , age-related disorders [3] and neurodegenerative diseases of the amyloid type [6] [7] [8] [9] . Glycated proteins are present in β-amyloid and τ deposits of Alzheimer's disease [8, 9] , in Lewy inclusion bodies of α-synuclein in Parkinson's disease [10] , in transthyretin amyloid deposits in familial amyloidotic polyneuropathy [11] and in amyloidotic lateral sclerosis [7] . In all of these amyloid pathologies, β-sheet fibril structure and the presence of AGEs are common features, suggesting a possible role for glycation in amyloid formation and pathogenesis. In diabetes mellitus and related clinical complications, D-glucose was considered to be the main glycation agent leading to irreversible changes in extracellular proteins [3] . However, several lines of evidence suggests that the increased glycation levels observed in several pathological conditions are not directly related to a higher D-glucose concentration, but to the increased concentrations of highly reactive low-molecular-mass carbonyl compounds, leading to what is described as carbonyl stress [4, 12] . In fact, in several diseases where glycation products accumulate, glycaemia is normal [11] . Moreover, glycation is often found in intracellular proteins, as in Alzheimer's [9] and Parkinson's [10] diseases, where the D-glucose concentration is negligible. The dicarbonyl compound methylglyoxal is the most significant glycation agent in vivo, considering its high reactivity and continuous formation, mainly by the irreversible β-elimination of the phosphate group of dihydroxyacetone phosphate and D-glyceraldehyde-3-phosphate [13] [14] [15] . Albeit non-enzymatic, this is a physiological process that happens alongside glycolysis, hence methylglyoxal formation and protein glycation occur in all living cells. By reacting with the guanine group of arginine, methylglyoxal forms argpyrimidine, MG-H1 (hydroimidazolones) and THP (tetrahydropyrimidine) [1, 2] . From its reactions with the ε-amino group of lysine, it forms CEL [N ε -(carboxyethyl)lysine] and a MOLD (methylglyoxallysine dimer) [1, 2] . These specific markers of protein glycation by methylglyoxal are globally known as MAGEs (methylglyoxalderived AGEs). These MAGEs have been identified in vivo associated with diabetes [16] and in neurodegenerative disorders of the amyloid-type such as FAP (familial amyloidotic polyneuropathy) and ALS (amyotrophic lateral sclerosis) [7, 11] . Previous evidence suggests that methylglyoxal and not other glycation agents specifically alter the function of several proteins [16a-16c] . One example is the specific modification of Arg 188 of Hsp27 (heat-shock protein 27) with the formation of argpyrimidine, which is essential to the anti-apoptotic activity of this protein [17] . Moreover, glycation by methylglyoxal of small Hsps appears to be essential for its activation, suggesting a mechanism that allows cells to detect and react to carbonyl and unfolding stress [17] [18] [19] [20] .
Intensive research has been conducted in the last decades whereby the effects of glycation on protein structure and function were investigated in conditions that bear no resemblance at all to what happens in vivo [21] [22] [23] [24] . Use of concentrations of glycation agents up to the molar range is not uncommon. These studies are in sharp contrast with what happens inside living cells, where the methylglyoxal concentration is in the nano to micromolar range, whereas proteins are at a high concentration in a crowded and organized milieu [25] . Consequently, to investigate the effects of glycation on protein structure and function in vivo, cellular models must be sought where glycation conditions may be controlled. Yeast offers an ideal cell model to investigate glycation in vivo, now that glycation phenotypes and protein glycation targets have been uncovered [18, 26, 27] . Among these, enolase2p (2-phospho-D-glycerate hydrolase, EC 4.2.1.11), the main glycation target, shows a glycation-dependent enzyme activity loss [26] .
In the present study, a detailed investigation of the effects of methylglyoxal-mediated glycation in vivo on the structure, thermal stability and enzyme activity of yeast enolase was performed. MAGE location and identification was made by a bottom-up approach, using MALDI-TOF-MS (matrix-assisted laser-desorption ionization-time-of-flight MS) and high mass accuracy FTICR-MS (Fourier-transform ion cyclotron resonance MS). Enolase2p was purified from Saccharomyces cerevisiae cells in glycation conditions (glycated in vivo) and in non-glycation conditions. The native enzyme was modified by methylglyoxal in vitro, in conditions often found in the literature. Striking differences between the effects of glycation in vivo and in vitro were observed. Among these, the heterogeneity of glycation in vitro is noteworthy, whereby different MAGEs are often formed at the same lysine or arginine residue, contrasting with the observation that in vivo a given MAGE is consistently found at the same amino acid residue.
EXPERIMENTAL

Chemicals and materials
Peptone, yeast extract and agar were from Difco, whereas D-glucose (microbiology grade), KCl and MgSO 4 were obtained from Merck. Ammonium sulfate, NaH 2 PO 4 , Na 2 HPO 4 , NaCl, NaF, DTT (dithiothreitol), iodoacetamide and TFA (trifluoroacetic acid) were from Sigma. Tris, 20 % (w/v) SDS and glycine were from Bio-Rad. EDTA was from BDH chemicals, whereas phosphoenolpyruvate, methylglyoxal 1,1-dimethyl acetal and DHB (2,5 dihydroxybenzoic acid) were from Fluka. Modified trypsin was from Promega. GELoader tips were from Eppendorf. POROS 10 R2 reversed-phase chromatography medium was from PerSeptive Biosystems. α-CHCA (α-cyano-4-hydroxicinamic acid), 3,5 dimethoxy-4-hydroxycinnamic acid (sinapinic acid), PepMix1 (MS peptide standards) and ProMix3 (MS protein standards) were obtained from LaserBiolabs. Amicon filters were purchased from Millipore. BSA protein digest was from Bruker Daltonics. Acetonitrile and methanol were HPLC-gradient grade and were obtained from Riedel de Häen; ultrapure water (type I) was produced in a Millipore Milli-Q system.
Methylglyoxal preparation
Methylglyoxal was prepared by acid hydrolysis of methylglyoxal 1,1-dimethylacetal as reported by Kellum et al. [28] and purified by fractional distillation under reduced pressure in a nitrogen atmosphere [29] . Once prepared, methylglyoxal solutions were standardized by enzyme assay with glyoxalase I and II, as described previously [30] . Purity was verified by HPLC and NMR analysis on a Bruker Advance 400.
Yeast strains and growth conditions
S. cerevisiae strains, Euroscarf collection (Frankfurt, Germany), were: BY4741 (genotype BY4741 MATa; his3 1; leu2Δ0; met15Δ0; ura3Δ0) and GLO1 (isogenic to BY4741 with YML004c::KanMX4). Strains were kept in YPGlu agar slopes [0.5 % (w/v) yeast extract, 1 % (w/v) peptone, 2 % (w/v) agar and 2 % (w/v) D-glucose] at 4
• C and cultured in liquid YPGlu medium. To induce protein glycation, GLO1 strain was cultured for 9 days to reach the stationary phase of growth [27] . The reference BY4741 strain was collected at the end of the exponential phase of growth (18 h).
Enolase purification
Native enolase was purified from BY4741 yeast cells at the end of the exponential phase of growth (18 h), whereas glycated enolase was purified from GLO1 culture at the stationary phase (9 days), a condition where glycation was previously observed [27] . Purification was achieved by anion-exchange chromatography and size-exclusion chromatography after ammonium sulfate protein precipitation from crude extracts, based on a previously described method [31] . Cells were disrupted by soniscation (5 cycles of 1 min at 100 W with 1 min cooling on ice). The extract was centrifuged at 40 000 g at 4
• C for 30 min to eliminate cell debris and adjusted to 50 % saturation of ammonium sulfate. Saturation was subsequently adjusted to 67 % by adding solid ammonium sulfate. After centrifugation at 40 000 g at 4
• C for 30 min, the supernatant was made 100 % saturated and centrifuged again. The pellet, containing enolase, was resuspended in 20 mM Tris/HCl (pH 8.2), containing 5 mM MgSO 4 and 1 mM EDTA. Sample was dialysed overnight at 4
• C against the same buffer to remove ammonium sulfate and loaded on to an ion-exchange chromatography DEAE-Sephadex A-50 column equilibrated with 20 mM Tris/HCl (pH 8.2), containing 5 mM MgSO 4 and 1 mM EDTA. Proteins were eluted with a linear NaCl gradient (0-0.5 M) at a flow rate of 1 ml · min −1 and the eluate was monitored at 280 nm. Protein-containing fractions were collected and probed by dot blot analysis using an antiyeast enolase antibody (a gift from Dr H. M. Park, Department of Microbiology, Chungnam National University, Korea). Fractions containing enolase were collected, concentrated by ultrafiltration using Amicon filters and applied to a gel-filtration CM-Sephadex C-50 column, equilibrated with 50 mM NaH 2 PO 4 /Na 2 HPO 4 buffer (pH 7.4) containing 150 mM NaCl, 5 mM MgSO 4 and 1 mM EDTA. Proteins were eluted with the same buffer at a flow rate of 1 ml · min −1 . Again, fractions containing enolase, probed by dot blot, were collected and combined. In the purification of glycated enolase, the protein fractions were also probed by dot blot with an anti-MAGE antibody (a gift from Dr. Ram Nagaraj, Case Western University, Cleveland, OH, U.S.A.). Enolase purity was evaluated by SDS/PAGE.
In vitro glycation of purified enolase by methylglyoxal
Purified native enolase (5 μM) was incubated with 10 mM methylglyoxal in 100 mM potassium phosphate buffer (pH 7.4) at 30
• C for 5 days in sterile conditions. Enolase concentration was determined spectrophotometrically (ε 280 = 0.89 ml · mg
in a UV-visible Jasco V-530 spectrophotometer.
Western blot and HPLC analysis
Proteins (30 μg of protein per lane) were separated by SDS/ PAGE in a Mini-protean 3 system (Bio-Rad), using a 12 % polyacrylamide separation gel and a 6 % polyacrylamide stacking gel. Proteins were transferred on to PVDF membranes (Hybond-P; Amersham Pharmacia Biotech), using the Mini Trans-Blot system (Bio-Rad). Transfer was performed with 39 mM glycine, 48 mM Tris, 0.0 375 % SDS and 20 % (v/v) methanol. Prestained standard proteins (Bio-Rad) were also loaded on to the gel. Total proteins were stained with Ponceau S solution [0.5 % Ponceau S in 1% (v/v) glacial acetic acid] to confirm protein transfer. For the dot blot assay, purified proteins were applied directly on to PVDF membranes previously activated with methanol and equilibrated with transfer buffer. The membranes were blocked overnight at 4
• C in 1% (v/v) blocking solution (Roche) in TBS [50 mM Tris/HCl with 150 mM NaCl (pH 7.5)]. The anti-MAGE antibody was used diluted 1:5000 in 0.5 % blocking solution in TBS for 3 h, whereas the anti-enolase antibody was used diluted 1:10 000 in the same conditions. Washes, secondary antibody and detection procedures were performed using the BM Chemiluminescence Western Blotting Kit (Roche) following the manufacturer's instructions.
Detection of glycation-induced fluorescence was monitored by reversed-phase HPLC on a Beckman-Coulter System Gold equipped with a Beckman-Coulter high-pressure binary gradient pump 126, a Beckman-Coulter 168-diode-array detector (1 nm resolution, 200-600 nm) and a fluorescence detector FP-2020 Plus (Jasco). The mobile phase consisted of 0.08 % TFA in type I water (solvent A) and 0.08 % TFA in acetonitrile (solvent B), and the elution gradient program was: 10-80 % solvent B in 30 min and 80-10 % solvent B in 10 min. Separation was achieved on a reversed-phase analytical column (LiChrospher 100 Merck RP-18, 5 μm) at a flow rate of 1 ml · min −1 . Eluting species were monitored by the fluorescence signal at λ em /λ exc of 320/385 nm, characteristic of argpyrimidine.
MS analysis
MALDI-TOF mass spectra were acquired in a Voyager-DE STR MALDI-TOF (Applied Biosystems). FTICR-MS mass spectra were obtained in a Bruker Apex Ultra with a 7 Tesla magnet (Bruker Daltonics). For intact protein mass measurement, sinapinic acid (20 mg · ml −1 ) prepared in 70 % (v/v) acetonitrile with 0.1 % TFA was used as the matrix, and MALDI-TOF spectra were obtained in positive linear mode. To identify the purified proteins and assign the glycated amino acid residues, a peptide mass fingerprint was performed. Protein bands were excised and subjected to reduction, alkylation and digestion with sequencing-grade modified trypsin in gel, according to Pandey et al. [33] . The peptide mixture was purified, concentrated by R2 pore microcolumns [34] and eluted directly to the MALDI target plate with 0.8 μl of recrystallized matrix α-CHCA (10 mg · ml −1 ) prepared in 70 % (v/v) acetonitrile with 0.1 % TFA. Monoisotopic peptide masses were used to search for homologies and protein identification with Peptide Mass Fingerprint of Mascot (http://www.matrixscience.com). The identification of glycated amino acid residues was performed as described previously [26] . Briefly, a glycated enolase peptide should have a miscleavage associated with the defined mass increment of a specific MAGE. Moreover, an arginine modification should have a miscleavage in an arginine residue and the same holds true for lysine modifications [26] . The analysis of glycated peptides was also performed by FTICR-MS. In this case, besides in-gel digestion, proteins were hydrolysed in-solution, essentially as described [35] . The resulting peptide mixture was also purified using PerfectPure C-18 tips (Eppendorf) and diluted in 50 % (v/v) methanol with 1 % (v/v) formic acid for ESI (electrospray ionization)-FTICR-MS analysis. The peptide mixture was analysed by MALDI-FTICR-MS, using DHB matrix [10 mg · ml −1 prepared in 70 % (w/v) acetonitrile with 0.1 % TFA] in an Anchorchip MALDI target (Bruker Daltonics).
Structure and stability analysis
Structural analysis was performed by CD spectroscopy and gelfiltration chromatography. Prior to CD analysis, individual protein species were separated by gel filtration on an analytical column (Amersham-Pharmacia Superdex TM 75 10/300 GL) with 10 mM phosphate buffer (pH 7) containing 100 mM NaF as the mobile phase at a flow rate of 0.4 ml · min −1 (LKB Bromma 2150 isocratic pump with a UV detector JASCO 2075). Eluting peaks were monitored at 280 nm and individual protein fractions were collected for further analysis.
Secondary structure analysis was performed by far-UV (185-240 nm) CD in a Jasco J810 spectropolarimeter at 25
• C (Julabo F25 temperature control unit) with a 0.1 cm path length. CD spectra were deconvoluted using the CDSSTR algorithm [36] on Dichroweb (http://www.cryst.bbk.ac.uk/cdweb/html/home.html) [37, 38] . Molar ellipticity was calculated on the basis of a mean residue mass of 107.13 Da. All spectra were solvent baselinecorrected. Conformational stability measurements were performed by thermal-induced protein unfolding. CD denaturation curves were constructed by raising the temperature from 20 to 85
• C and measuring the ellipticity at 222 nm. The T m value (temperature at which 50 % of denaturation occurs) of native and glycated enolase was calculated as previously described [39] .
Enolase activity assay
Enolase activity was determined at 30
• C in a 1.5 ml reaction volume, on a Beckman DU-7400 diode array spectrophotometer, with temperature control and magnetic stirring, essential to maintain isotropic conditions during the assay. Enolase activity was followed by measuring phosphoenolpyruvate consumption at 240 nm and its concentration was calculated using ε = 1.42 mM −1 · cm −1 (the present study). The reaction mixture, containing 50 mM Tris/HCl (pH 7.4), 100 mM KCl, 1 mM MgSO 4 , 0.01 mM EDTA and a known amount of protein, was preincubated for 10 min and the reaction was started by the addition of phosphoenolpyruvate.
Protein structure
The enolase dimer structure was represented by PDB entry 1EBH. Molecular graphics images were produced using the UCSF Chimera package from the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco, CA, U.S.A. [supported by NIH (National Institutes of Health) P41 RR-01081] [40] . Relative solvent surface accessibility was calculated according to Gerstein [41] .
RESULTS
Characterization of enolase glycation by MS
Native enolase was purified from the BY4741 reference strain at the end of the exponential phase of growth and glycated in vitro by incubation with 10 mM methylglyoxal in potassium phosphate buffer, the most common glycation condition [42] [43] [44] . Purified native enolase also served as a control for enzyme activity, secondary structure composition and thermal stability. In vivo-glycated enolase was purified from the GLO1 Tables 2 and 3. strain, lacking the glyoxalase I gene and enzyme activity, hence with a higher intracellular methylglyoxal concentration than the reference strain. At the stationary phase of growth, glycation was observed [27] . Protein purity and identity were verified by SDS/ PAGE and Western blot analysis with anti-yeast enolase antibody respectively. Protein identity was further confirmed by peptide mass fingerprint after in-gel trypsin digestion and MALDI-TOF analysis of the resulting peptide mixture (results not shown). As previously shown, peptide mass fingerprint data contain hidden information regarding MAGE nature and location [26] . Since only lysine and arginine residues are modified, tryptic digestion of glycated proteins will produce peptides with at least one miscleavage associated with a defined mass increase corresponding to a specific MAGE (Figure 1 ). Proteins were also trypsin hydrolysed in solution to increase the sequence coverage and therefore improve MAGE identification. The resulting peptide mixtures were analysed by MALDI-TOF, ESI-FTICR-MS and MALDI-FTICR-MS. With the combination of these MS techniques, sequence coverage of approx. 70 % was obtained in all cases.
When enolase is glycated in vitro, ten out of 14 arginine residues are modified by methylglyoxal in the form of MG-H, whereas only one lysine residue, either Lys 336 or Lys 337 , is modified to CEL, as observed by MALDI-TOF and MALDI-FTICR (Table 1) . These results are consistent with previous studies that point to MG-Hs as the most abundant modifications [45, 46] . The analysis of the in-solution digest by ESI-FTICR-MS also revealed that some arginine residues even form different MAGE on different enolase molecules, such as Arg 14 which may be modified as MG-H (observed mass of 2178.056 Da, corresponding to enolase peptide 9-27 with m/z of 2124.045 plus 54.011 Da of a MG-H modification) or as THP (observed mass of 2268.088 corresponding to the same enolase peptide 9-27 plus 144.042 Da of a THP modification) ( Table 2 ). The same MAGE replacement was observed for Arg 119 and Arg 184 (Table 2 ). This molecular heterogeneity can be seen in a linear mode MALDI-TOF mass spectrum of in vitro-glycated enolase, showing a large mass increase and peak broadening compared with the molecular mass of native enolase (Figure 2) . The formation of different MAGEs on the same amino acid residues hints that glycation is not specific in vitro. When enolase is glycated in vivo, only five arginine residues are found to be modified: Arg 402 (Table 1) . Only one lysine residue was found as CEL. These modifications appear to be specific since no other MAGEs were found at these positions. In this case, the protein molecular mass increase is negligible, as observed by linear mode MALDI-TOF, indicating a lesser glycation extent, and no peak broadening or asymmetry, consistent with a homogeneous distribution of enolase molecular species (Figure 2) .
To gain insights into the susceptibility of arginine residues towards methylglyoxal-derived glycation, its partial solvent exposure was calculated according to Gerstein [41] (Figure 3 ). For arginine modifications, no obvious relationship exists between the partial solvent exposure of amino groups and the susceptibility towards glycation. It is quite interesting to notice that arginine residues with reduced surface exposure of both side chain amino groups, such as arginine residues 119, 391, 405 and 414, are glycated. Meanwhile, the two arginine residues that show the highest surface exposure (Arg 200 and Arg 288 ) were not found to be glycated. By contrast, solvent exposure appears to be a determinant factor for glycation of lysine residues since Lys 336 and Lys 337 show the highest solvent exposure of all lysine residues in enolase (results not shown).
Glycation effects on enolase folding, structure and enzyme activity
The effects of glycation on enolase structure were evaluated by far-UV CD spectroscopy after size-exclusion chromatography separation of each molecular form of enolase in solution (native, in vivo-and in vitro-glycated). Gel-filtration chromatograms clearly show two major peaks, one eluting at 20-25 min and the other at 35-40 min ( Figure 4A ). The first peak corresponds to the enzymatically active enolase dimer (90 kDa) with native secondary structure elements ( Figures 4B and 4C) . The second peak immunoreacts with an anti-yeast enolase antibody, but shows no CD signal and no enzyme activity, indicating the presence of unfolded, inactive enolase ( Figures 4B-4D) . Lack of absorption at 222 nm and 208 nm in the CD spectrum indicates a complete loss of regular secondary structural elements, consistent with the absence of enzyme activity. Similar results were obtained for folded and unfolded protein fractions of glycated enolase (results not shown). A comparison of the size-exclusion chromatograms show that, when glycation occurs, a higher fraction of unfolded inactive enolase is observed relative to the dimeric, folded enzyme ( Figure 4A ). For native enolase, the unfolded to folded area ratio is approx. one, whereas a 2-fold increase in this ratio is observed for in vivo-glycated enolase. When enolase is glycated 
Figure 2 Analysis of intact protein mass by linear MALDI-TOF of native (A), in vitro-glycated (B) and in vivo-glycated (C) enolase
For all mass spectra, a peak with an m/z similar to theoretical yeast enolase 2 molecular mass (46782 Da) was obtained. With glycation in vitro, a broadening of the peak is observed indicating higher sample heterogeneity. Glycated and non-glycated arginine residues are shown.
in vitro, an even higher amount of unfolded enolase is observed, a 9-fold increase relative to the native enzyme. If glycation promotes protein dissociation and unfolding, then both protein fractions should be glycated. To confirm this hypothesis, these fractions were separated by size-exclusion chromatography, analysed by reversed-phase HPLC with fluorescence detection at λ ex.320 λ em.385 (characteristic of argpyrimidine) and by Western blot analysis using an anti-MAGE antibody. Indeed, both protein fractions derived from enolase glycated in vivo and in vitro contain argpyrimidine and other MAGEs ( Figure 4E ). These results clearly show that enolase glycation causes protein unfolding and since glycation is an irreversible process, unfolded protein may not be refolded back to the active enzyme form. The effect is far more severe when the protein is glycated in vitro.
Once the different enolase molecular species were separated by size-exclusion chromatography, samples were analysed by far-UV CD spectroscopy. Striking differences were observed, particularly within the regions of 195 nm, 208 nm and 222 nm ( Figure 5A ). In native enolase, the α-helical content was 40 %, β-sheet was 20 %, 21 % of turns and 19 % of unordered structure (Table 3) . These values are in agreement with the values of 37.6 % for α-helix, 21 % of β-sheet, 26 % of turns and 15.4 % unordered structures obtained by Fourier transformed IR spectroscopy [32] . X-ray crystallography analysis of yeast enolase, estimated an α-helical content of 37.3 % and 17.2 % of β-sheet [47] . In vivo-glycated enolase shows little to no secondary structure loss. However, a redistribution of secondary structure elements is evident, with an increase in unordered structure from 19 % to 25 %, a reduction in the α-helical content from 40 % to 35 %, whereas β-sheet content remains unchanged (Table 3) . When enolase is glycated in vitro, a distinct scenario emerges. There is a much higher loss of α-helix content, from 40 % to 17 %, and a large increase in β-sheet, from 20 % to 32 %, compared with in vivo-glycated enolase (Table 3) . Unordered structure elements also increase, from 19 % to 32 %.
To evaluate the glycation effects on the structural stability of enolase, thermal denaturation of the native, in vivo-and in vitro-glycated enolase was monitored by CD spectroscopy. Glycation shifts the thermal denaturation curve of enolase to higher temperatures, indicating an increased resistance to thermal unfolding ( Figure 5B ). In fact, the T m for native enolase is 53.6
• C, whereas in vivo-glycated enolase shows a T m of 58.6
• C and the in vitro-glycated enolase an even higher T m of 61.4
• C. Enolase thermal denaturation is an irreversible process, as confirmed by protein aggregation and lack of secondary structure analysed by CD when the temperature was returned to 25
• C (results not shown), hence the determination of thermodynamic parameters could not be performed. Secondary structure changes are associated with protein function modifications. Therefore glycation-induced conformational changes are likely to have pronounced effects on enolase activity. Indeed, we observed a marked decrease in enolase activity upon glycation ( Figure 6 ). In vivo-glycated enolase shows a 65 % activity loss compared with native enolase. When enolase is glycated in vitro, an even more severe activity loss is observed (84 %). As glycation causes enolase denaturation with a consequent enzyme inactivation, it could be argued that the loss of enzyme-specific activity may be solely explained by the higher amount of unfolded inactive protein in the sample. This implies that, if the activity of glycated folded enolase remained the same, the specific activity would decrease. To investigate this hypothesis, folded and unfolded fractions from in vivoand in vitro-glycated enolase were separated by size-exclusion chromatography and enzyme activity was determined for each individual fraction (fraction I being folded active and glycated enolase, whereas fraction II is unfolded glycated enolase). In both cases, no enolase activity was detected in fraction II, consistent with the lack of secondary structure. In fraction I, enolase activity was detected, albeit the specific activity was again much lower than that of the native enzyme ( Figure 6 ).
DISCUSSION
Arginine residues have a probability of approx. 20 % of being located in ligand-and substrate-binding sites of proteins [48] . Hence, methylglyoxal-derived arginine glycation is expected to have significant effects on protein structure and function, being related to several human pathologies [3, 4, 8, 10, 11] . Therefore this post-translational modification has been the subject of intensive research, where in vitro-glycation of clinically relevant and model proteins was investigated [22, 23, 45] . The major drawback of this approach lies on the dramatic differences between glycation conditions in vitro and in vivo. In vitro, non-physiological concentrations of glycation agents are used, from millimolar to molar concentrations [21] [22] [23] [24] . Additionally, protein interactions are not taken into account. Also, protein turnover and the action of molecular chaperones, some of which are activated upon glycation by methylglyoxal [19, 20, 26] , is absent. These differences highlight the importance of investigating protein glycation mechanisms and their biochemical effects in vivo. Our previous studies validated yeast as a eukaryotic cell model to investigate protein glycation in vivo [26, 27] . Enolase, the major glycation target, shows glycation-dependent activity loss [26] , providing an important model for studying glycation effects in vivo.
In agreement with our hypothesis that protein glycation is different in vivo and in vitro, MS analysis indicates that enolase glycation in vivo is site-specific whereby only a few amino acid residues are consistently modified with the same MAGEs. By contrast, glycation in vitro is a heterogeneous process, resulting in the formation of a complex population of enolase molecules with different glycation profiles. In vitro, different MAGEs may be present at the same arginine residue, in different protein molecules. Glycation specificity is not related to the partial solvent exposure of arginine residues (Figure 3) . We previously suggested that the arginine-rich deep crevice in enolase protein structure, accessible to the solvent and located at the dimer interface, may be a favourable hotspot for the occurrence of glycation [26] . Several glycated arginine residues identified after in vitro-glycation and almost all glycated arginines in vivo are located in this cleft ( Figures 7A and 7B ). Interestingly, glycation was not detected in the two most exposed arginine residues (Arg 200 and Arg 288 ), outside the cleft ( Figure 7C) .
In vivo-glycated enolase shows an increase of unordered structure. α-Helical content decreases and T m increases with glycation, suggesting that glycated enolase may exist in a more compact and rigid conformation. When enolase was glycated in vitro, besides an enhanced increase in unordered structure and a decrease in α-helix, a marked gain of β-sheet was also observed. The T m increase is more pronounced, consistent with an even more rigid structure, probably due to higher β-sheet content.
Glycation also leads to enolase unfolding. This is in agreement with our previous model of glycation-induced enolase inactivation in which the glycation of the critical arginine residue 414 disrupted an ionic pair formed with glutamate residue 20, essential for dimer stability [26] . A modification of Arg 414 was observed in the present study, both as a consequence of in vivo-and in vitroglycation. When enolase is glycated in vitro, unfolding is much more pronounced. This can be due to the higher glycation extent or because the molecular chaperone pathway which is activated by glycation in vivo is absent from a test tube [19, 26] . The observed changes in protein structure and stability are related to the glycation-dependent activity loss, 65 % inactivation in vivo and 85 % activity loss in vitro.
The results of the present study reveal important differences between glycation in vivo and in vitro in the conditions used, which may be related to diverse glycation specificities. This observation highlights the importance of investigating protein glycation in vivo in a model system such as yeast, already validated in the research of amyloidotic neurodegenerative diseases [49] .
